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Abstract. Agricultural applications of fertilizers and pesticides have in-
creased dramatically in the prairie pothole region since the middle 1960s,
and agrochemical contamination ofsurface and groundwater has become a
serious environmental concern. There is growing interest in the potential of
prairie wetlands as sinks for excess nutrients in this agricultural landscape.
As much as 50% ofthe fertilizer nitrogen applied to cultivated crops may be
lost as nitrate in agricultural drainage water, and prairie wetlands may be
especially effective as nitrate sinks. The effectiveness ofprairie wetlands as
sinks for nonpoint source nitrogen loads is likely to depend on the magnitude
of nitrate loads and the capacity of the wetlands to remove nitrate by
dissimilatory processes. Performance forecast models are needed to evalu-
ate the effectiveness ofprairie wetlands as nitrogen sinks from a watershed
scale framework. This will be made significantly more difficult by the spatial
and temporal complexity ofprairie pothole wetlands and by their hydrologic
diversity. Future research should focus on identifying the principal factors
controlling nitrogen transformation in prairie wetlands and on developing
general predictive tools for modeling nitrogen fate in these systems.
There is probably no region in North America where understanding and
managing agriculture's impacts is more critical than in the prairie pothole
region. This region comprises the glaciated prairie, an area of some 300,000
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square miles extending northward from central Iowa through western Min-
nesota and the eastern Dakotas into southern Manitoba, Saskatchewan, and
Alberta (see Murkin 1998). The region is characterized by rich, poorly
drained soils with numerous depressions of glacial origin forming small
wetlands, the prairie potholes for which the region is named. These wetlands
are extremely productive, generating between 50% and 75% of North
America's waterfowl (Batt et al. 1989). Agriculture is the dominant eco-
nomic force in the region, and since settlement there have been massive
losses of wetlands as more and more were drained for cultivation. Conflict
over wetland drainage remains a major issue in the prairie pothole region
(Tiner 1984; Stuber 1988), and there is growing concern over the effects of
chemical-intensive agriculture.
Agricultural applications of fertilizers and pesticides have more than
doubled since the middle 1960s, and impacts of agrochemicals on water
quality have come to pose obvious, pressing environmental problems (Na-
tional Research Council 1986; Keeney 1986). Nitrate (N03-) and pesticides
have become the agrochemical contaminants of foremost concern because
of their potential adverse impacts on both public health and ecosystem
function, because of the widespread use of nitrogen and pesticides in mod-
ern agriculture, and because of the potential mobility of nitrate and some
pesticides in surface and groundwaters. The total amount of N applied in
fertilizers far exceeds that of any other nutrient. In the U.S., the annual
application of fertilizer-N (FN) has grown from a negligible amount prior to
World War II to approximately ten million metric tons ofN per year (Hargett
and Berry 1981; Berry 1993). The same trend is found in the states of the
prairie pothole region and in the Prairie Provinces of Canada (Figure 1;
Hargett and Berry 1981; Berry 1993; Korol and Girard 1996). The impacts
of chemical intensive agriculture are a special concern in the prairie pothole
region. Non-point loads of nitrogen to surface waters in this region are
among the highest in the U.S. (Omernik 1977), and it is clear that many
prairie wetlands receive significant agrochemicalloads. As much as 50% of
the fertilizer nitrogen applied to cultivated crops may be lost in agricultural
drainage water, primarily in the form of nitrate (Neely and Baker 1989).
This paper reviews the dominant nitrogen transformations in prairie
pothole wetlands, the potential of prairie wetlands as sinks for nonpoint
source nitrogen loads, and the likely effects of increased agricultural nitro-
gen loads on wetland functions. Our goals are to summarize the current state
of knowledge on nitrogen transformation and fate in prairie pothole wet-
lands and to suggest some directions for future research.
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Figure 1. Fertilizer nitrogen use in the Canadian Prairie Provinces (Alberta,
Manitoba, and Saskatchewan) and in the prairie pothole states (Iowa, Minnesota,
South Dakota, and North Dakota)"
Nitrogen Transformations in Wetlands
Nitrogen transformation processes in wetlands are comparable to those
in other aquatic systems and in soils (Fig. 2; Kamp-Nielson and Anderson
1977; Painter 1977; Howard-Williams 1985; Bowden 1987; Reddy and
Graetz 1988). However, the dynamics and relative importance of various
processes are functions of the complex spatial and temporal patterns found
in wetlands. Prairie pothole wetlands are complex mosaics of habitats with
distinct structural and functional characteristics. Emergent macrophytes
comprise the dominant vegetation of prairie potholes, although vegetation
structure varies as a function of wetland depth and size. Many small potholes
contain only one vegetation type, while larger potholes may have as many as
five or six. Vegetation structure is also affected by the characteristic wet-dry
cycles of prairie pothole wetlands, where periodic droughts alternate with
wet years of above normal precipitation (van der Valk and Davis 1978a,
1978b). Interannual changes in the water levels in these wetlands over a
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Figure 2. Generalized diagram of nitrogen transformations and compartments in a
prairie wetland.
complete wet-dry cycle can exceed 2m in larger wetlands. During high water
years, only submersed vegetation and a fringe of emergents and wet meadow
species may be found. During droughts when many of these wetlands may
go completely dry, seeds of annuals, emergents, and wet meadow species
germinate on exposed mudflats, re-establishing the emergent and wet
meadow zones eliminated during years of high water (van der Valk and
Davis 1978a; Kantrud et al. 1989). In addition to serving as the principal
source of organic carbon, wetland vegetation influences the physical and
chemical characteristics of wetland sediments and overlying waters, includ-
ing temperature and oxygen availability (Rose 1996; Rose and Crumpton
1996). Through a combination of direct and indirect effects, vegetation
dynamics are likely to control many of the complex biogeochemical trans-
formations involved in the nitrogen cycle of prairie pothole wetlands.
Ammonium can be produced in wetlands through either nitrogen fixa-
tion or through mineralization of organic nitrogen. Although there is evi-
dence of nitrogen fixation in similar wetlands (Hooper-Reid and Robinson
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1978), nitrogen fixation rates for prairie pothole wetlands are unknown and
are likely to vary widely in response to changes in nitrogen availability from
external sources or as a result of mineralization. Ammonium release during
decomposition of organic material depends on the balance between gross
mineralization and assimilation. Emergent macrophyte production in north-
ern prairie wetlands provides large amounts of detrital carbon to decompos-
ers (van der Valk and Davis 1978b; Shay and Shay 1986; Murkin 1989). The
high C:N ratio of litter derived from emergent macrophytes in northern
prairie wetlands (Neely and Davis 1985) requires microbes to acquire addi-
tional nitrogen by assimiliation or nitrogen fixation in order to utilize the
carbon (Bowden 1987). The net effect during decomposition of such mate-
rial is to conserve or accumulate nitrogen while carbon is respired away
(Bowden 1987; Neely and Baker 1989). However, depressed oxygen levels
could limit aerobic decomposition rates in sediments and even in the water
column of emergent zones (Rose 1996; Rose and Crumpton 1996). Alterna-
tive, anaerobic decomposition pathways are less efficient than aerobic me-
tabolism, resulting in lower bacterial growth yields and generally lower
ratios of nutrient assimilation relative to mineralization. As a result, assimi-
lation is a less effective nitrogen sink under anaerobic conditions and ammo-
nium tends to accumulate, as is illustrated by sediment to water concentra-
tion gradients (Fig. 3; Robinson et al. in press). Sediments can serve as an
enormous nitrogen pool in prairie wetlands from which the efflux is con-
trolled by the balance between rates of mineralization in underlying anaero-
bic zones and the competing processes of assimilation and nitrification in the
overlying aerobic zones (Fig. 2). Seasonal and even diurnal changes in
factors such as temperature, nitrogen concentration gradients, and oxygen
concentration can dramatically affect the balance among these processes
(Andersen et al. 1984; Christensen et al. 1989; Crumpton et al. 1994; Isenhart
1992; Phipps 1997).
Under aerobic conditions, ammonium can be converted to N03~ by
nitrification. Both NH/ and N03 may be assimilated by aquatic organisms
and immobilized to organic nitrogen, in the case of N03~ requiring
assimilatory reduction to ammonium. In addition, N03~ may serve as a
terminal electron acceptor for the oxidation of organic carbon in sediments
having sufficiently low redox potential. This may involve either dissimila-
tory reduction of nitrate to ammonium, or more commonly denitrification,
resulting in gaseous losses of NzO or Nz (Bowden 1987). In the absence of
external nitrate loading, these dissimilatory processes would be limited by
the rate of nitrification, and as a result, relatively low rates of denitrification
62
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Figure 3. Soil to water concentration gradient of ammonia in a prairie wetland.
are expected in natural, unimpacted wetlands (Seitzinger 1988). Denitrifica-
tion rates could be enhanced by close coupling of nitrification and denitrifi-
cation reactions at aerobic-anaerobic interfaces such as at the sediment
surface and in the rhizosphere (Reddy et aI1989). In addition, the frequency
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and duration of water level fluctuations could significantly affect nitrifica-
tion and denitrification rates, especially in seasonally flooded wetlands
(Neill 1995). In essence, alternately dry and flooded conditions can provide
a temporal coupling of aerobic and anaerobic conditions favoring nitrifica-
tion and denitrification reactions respectively.
Prairie wetlands are rarely unimpacted systems, and many can be
expected to receive significant external nitrate loading from surrounding
agricultural lands. From a watershed perspective, one can think of this as a
coupling of nitrification reactions in aerobic, upland soils and denitrification
reactions in anaerobic, wetland soils. Under these conditions, relatively high
rates of denitrification can be expected. 15N tracer studies suggest that in
excess of 80% of externally loaded nitrate could be lost through denitrifica-
tion in prairie pothole wetlands receiving sustained nitrate loads (Isenhart
1992; Moraghan 1993; Crumpton et al. 1994).
Prairie Wetlands as Nitrogen Sinks
Despite conspicuous accumulations ofplant biomass and litter in prairie
wetlands, and despite the obvious accumulation of organic carbon and nitro-
gen in wetland sediments, long term rates of organic nitrogen accrual in
wetlands are relatively low, a few grams m-2 year-1 (Johnston 1991; Weisner
1994). The effectiveness of prairie wetlands as sinks for nonpoint source
nitrogen loads is likely to depend on the magnitude of nitrate loads and the
capacity of the wetlands to remove nitrate by dissimilatory processes. Most
of the published papers dealing with wetlands and water quality note the
probable importance of denitrification, with resulting gaseous loss of N20
and N2• In fact, with rare exception, denitrification is cited as the primary
reason wetlands may serve as nitrogen sinks. It is thus all the more remark-
able that so few measurements of denitrification in prairie wetlands have
been published (Neely and Baker 1989; Isenhart 1992; Moraghan 1993;
Crumpton et a11994; Isenhart and Crumpton In preparation). As Neely and
Baker (1989) note, denitrification is assumed to be an important process in
northern prairie wetlands based largely on circumstantial evidence, first that
conditions in prairie wetlands are suitable for denitrification (anaerobic
conditions and a large base of organic carbon) and second that nitrate
disappears rapidly from water overlying marsh sediments.
Although no thorough investigation of the mechanisms of nitrogen loss
in prairie wetlands has been published, there is no compelling reason to
doubt the significance of denitrification as a sink for external nitrate loads in
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these systems. In fact, increased nitrate loading to prairie wetlands in agri-
cultural watersheds can be expected to stimulate ('enitrification (Isenhart
1992; Moraghan 1993; Crumpton et al. 1994; Phip s 1997). Both Isenhart
(1992) and Moraghan (1993) observed that exposur~ to nitrate had a stimu-
latory effect on nitrate loss in experimental wetland enclosures, apparently
due to increased denitrification. In addition, despite a relatively low half-
saturation constant, denitrification in these systems seems tobe transport-
limited and as a result can be described as a first order process over a wide
range of concentrations (Isenhart 1992; Crumpton et al. 1994; Kadlec and
Knight 1996; Phipps 1997). This is illustrated by the linear relationship
between nitrate loss and nitrate concentration in experimental wetland en-
closures (Fig. 4). Increases in nitrate load and concentration in prairie
pothole wetlands are expected to result in corresponding increases in dis-
similatory losses of nitrate.
Effects of nitrogen loads on wetlands
In addition to the obvious effects on nitrogen cycling in wetlands,
increased rates of dissimilatory nitrate reduction (to either NH/ or NzO and
Nz) could have profound effects on carbon and energy flow in wetlands.
Research on benthic anaerobic metabolism suggests clear distinctions be-
tween marine and freshwater systems, differences related primarily to the
availability of S04- as a terminal electron acceptor (Ward and Winfrey 1985;
Capone and Kiene 1988). In the absence of oxygen, hydrolysis and depoly-
merization produce fermentable monomers. Fermentation end products are
consumed primarily by sulfate reducing bacteria in marine systems and by
methanogenic bacteria in freshwater systems (although sulfate reduction
does occur in freshwater). Although nitrate is a considerably more favorable
electron acceptor, nitrate concentrations in anoxic sediments are generally
considered to be too low to support significant carbon metabolism in the
absence of significant external loading of nitrate. However, in the presence
of external nitrate loading, nitrate respiration can support high rates of
metabolism, roughly equivalent to rates supported by aerobic respiration or
sulfate reduction in marine systems (Jorgensen and Sorensen 1985).
It is unclear how increased rates of denitrification in response to nitrate
loading would affect other anaerobic processes in freshwater wetlands. In
slurry experiments, high nitrate concentrations of course favor denitrifica-
tion over either sulfate reduction or methanogenesis, but this does not mean
that denitrification will displace methanogenesis in intact wetland sedi-
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Figure 4. Nitrate-nitrogen loss rates from water overlying wetland sediments versus
nitrate concentrations in field enclosures.
ments. As nitrate concentrations in overlying waters increase, denitrification
rates increase, as does the depth to which nitrate penetrates, the denitrifica-
tion "zone" (Christensen et al. 1989). However, in sediments with sufficient
organic material, denitrification probably consumes the nitrate within a few
mm of the sediment surface, as reported by Christensen et al. (1989) for
streams. Methanogenic bacteria in the large volume of underlying, anaero-
bic sediment would see no nitrate and be largely unaffected. The major effect
of external nitrate loads in freshwater wetlands may be increased overall
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rates of anaerobic and total carbon metabolism. Agricultural nitrate loads
could thus have profound effects on carbon and mineral cycling in prairie
pothole wetlands. However, there is virtually no information concerning the
effects of elevated denitrification rates on carbon flow through aerobic and
various anaerobic pathways in these systems.
There is also relatively little information concerning the effects of
agricultural N loads on primary production in prairie wetlands. Although
there is considerable descriptive and experimental evidence of P limitation
in freshwater systems (e.g., Hecky and Kilham 1988), fragmentary evidence
suggests that some prairie wetlands are N limited and, therefore, that their
primary production will increase with N enrichment. The few published
measurements of the N:P ratio in the water column of prairie wetlands are
typically below 25 (Goldsborough and Robinson 1996), and values less than
the Redfield (1958) ratio of 16, assumed to indicate N deficiency, have been
reported for shallow lakes or wetlands in Iowa (Carper and Bachmann
1984), Manitoba (Kadlec 1986), and Minnesota (Haertel 1976). Metabolic
measurements of nutrient deficiency in wetland algae, based on their rate of
ammonium uptake and the N:C ratio in their biomass, have shown that
unproductive marshes of Manitoba's Interlake region are frequently N lim-
ited (Murkin et al. 1991) and nitrogenase activity, indicative ofN2 fixation,
has been detected in benthic algae from Delta Marsh, Manitoba (Hooper-
Reid and Robinson 1978). N limitation might be more common in systems
receiving sustained phosphorous loads, and the development of cyano-
bacterial blooms in hypertrophic prairie potholes may in part relate to the
ability of these organisms to thrive at low ambient N via fixation of atmo-
spheric N2 (Barica et al. 1980). In the case of macrophytes, a fertilization
study in Delta Marsh demonstrated that above-ground biomass of two of the
most common species, Scolochloa festucacea (whitetop grass) and Typha
glauca (cattail) increased with N treatment but not with P treatment (Neill
1990). However, there is too little information on the frequency, severity,
and spatial occurrence of N limitation in prairie wetlands to estimate the
effects of increased N loads on primary production of either algae or macro-
phytes in these systems.
Research Needs
A better understanding of wetland water quality functions is especially
critical in the prairie pothole region at the current time. In 1986, with
waterfowl populations at their lowest levels in thirty years, the United States
and Canada agreed to the North American Waterfowl Plan, which called for
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the protection and restoration of 4.7 million acres of wetlands in the prairie
pothole region (Kasten 1988). The National Wetlands Policy Forum (1988)
recognized the critical need to restore wetlands in agricultural areas because
inadequate opportunities remain to acquire intact wetlands. In recent years,
thousands of basins have been restored in the southern prairie pothole region
in Iowa and Minnesota through a combination of federal, state and private
initiatives (Galatowitsch and van der Valk 1994).
These initiatives in wetland restoration offer a unique opportunity.
While wetland restoration has been driven primarily by concerns over water-
fowl and habitat loss, wetlands may have great value in agricultural water-
sheds for their water quality functions. In fact, one of the most promising
strategies for reducing nonpoint source contamination of surface and
groundwaters in the prairie pothole region is the restoration of wetlands as
sinks for agrochemical contaminants (van der Valk and Jolly 1992). How-
ever, because so little is known about the water quality functions of prairie
wetlands, site selection criteria for wetland restorations have not generally
considered water quality functions, and model simulations suggest that
commonly used site selection criteria for prairie pothole restorations may be
inadequate for water quality purposes (Crumpton et al. 1997). Our under-
standing of nutrient losses in treatment wetlands has progressed to a point
that practical .design models are now emerging for performance forecast
modeling of nitrogen and phosphorous removal by wetlands (Kadlec and
Knight 1996; Kadlec et al. 1997). Future research should seek to extend the
application of performance forecast models to prairie wetlands using a
watershed scale framework (Crumpton and Baker 1993; Crumpton et al.
1995). This will be made significantly more difficult by the spatial and
temporal complexity of prairie pothole wetlands and by their hydrologic
diversity. Research should not focus on case studies of specific wetlands but
rather on identifying the principal factors controlling nitrogen transforma-
tion in prairie wetlands and on developing general predictive tools for
modeling nitrogen fate in these systems.
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